The stress analysis of multi-layered hybrid composite pipes with symmetrical orientation angles, under internal pressure, was investigated. 
Introduction
Hybrid composite pipes are used extensively in industry. Composite structures have several advantages, including high stiffness and strength, corrosion resistance, and thermal resistance [1] . Therefore, as manufacturing technology has developed, there has been growing interest in the application of hybrid composite pipes.
Research is being conducted to determine the behaviors of various composite pipes under different loadings. One of the important mechanical properties of a composite pipe is its service life. This makes it imperative to determine a piping system's leakage integrity and reliability. This depends on the strong lay-up in the principal pipe directions, which is determined with monotonic biaxial testing of filament-wound pipe [2] and testing other parameters during manufacturing. Therefore, failure analyses are conducted to determine the service life of the composite pipes. A few failure investigations have been reported in the literature, and they reported optimum failure loads, stresses, pipe radius, layer thickness, and winding angles [3] [4] [5] [6] [7] [8] . Furthermore, a general stress analysis for thick or thin multi-layered composite cylinders under hydrothermal loadings was developed by Sayman [9] . Zhao et al. [10] considered the stress analysis of a multi-layered composite cylinder with local delamination. In their work, they proposed a realistic analytical model and developed a system of differential difference equations with constant coefficients by introducing a transformation of super-subscripts. Also, they indicated that all stresses in the composite layers were lower than the stresses in the internal metal cylinder. In addition, there are several studies related to pipes in the literature. Arjomandi and Taheri [11] determined that the behaviors of sandwich pipes are subject to pure bending, which is one of the governing loading conditions for offshore pipelines. Tran et al. [12] designed hybrid elastomeric composite panels. A finite element model was developed to understand the deformation and failure mechanisms of a multilayered elastomer/fiber-reinforced polymer (FRP) composite panel under blast. Ridzuan et al. [13] were investigated the thermal behavior and dynamic mechanical analysis of Pennisetumpurpureum/glass-reinforced hybrid composites. Pennisetumpurpureum fibers were respectively determined at 64, 64, 67, and 63 0 C, by dynamic mechanical analysis (DMA). Essabir et al. [14] modified oil palm fibers and clay particles and then incorporated to reinforce high density polyethylene. The hybrid composites were prepared and compounded with a com-patibilizer by twin-screw extrusion followed by injection molding. The evolution of thermal, mechanical, and dynamic mechanical performances of the hybrid composites as a function of filler content was investigated.
In this study, we used hybrid composite pipes, which made of E-glass fiber/ epoxy and carbon/epoxy (AS4/3501-6), with different orientation angles. The code for a numerical model was created in ANSYS software for numerical analysis. The hoop, axial and shear stresses also were determined for different orientation angles. In addition, tangential, radial, axial and shear stresses were obtained numerically for hybrid composite pipes. We also investigated the mechanical properties of hybrid composite pipes with four layers. Also, hybrid composite pipes were compared and showed be used under high internal pressure and they are important for pipes systems in industry were presented.
Non-Linear Finite Element Modeling
he multi-layered, filament-wound composite pipes shown in Fig. 1 have four plies [1] . Table 1 and  Table 2 show material constants from the literature [15] [16] [17] [18] . The composite pipes were manufactured using E-glass fibers/epoxy and carbon/epoxy (AS4/3501-6). Structural analyses were conducted in order to investigate the mechanical behavior of the layered hybrid composite pipes under internal pressure loading. The orientation angles and layer sequence were important for the analyses. Therefore, they were used in Table 3 in which the orientation angles are shown. In the study, we used the finite element method (FEM), and the numerical model was prepared in ANSYS 14.5 software based on FEM. The model code was created with the SOLID186 element in ANSYS software. As shown in Fig. 2 , r j is layer radius ( j = 1,2,3,4 ), r in is inner radius and r out is the outer radius of the composite pipe, and R is radius ratio in the radial direction. It was assumed that, for hybrid composite pipes, internal pressure (P) is 10 MPa, the inner radius is 50 mm, and the thickness of each layer is 0.5 mm [1] .
(1)
In the FEM studies, multi-layered hybrid composite pipes subject to internal pressure by using different orientation angles were simulated, as shown in Fig. 3 . In the analysis, we considered the elastic solution based on the uniaxial stress behaviors of using material constants of carbon fiber and E-glass fiber from the literature. The material properties used in the FE analysis are given in Table 1 and Table 2 , respectively. The stress analysis of hybrid composite pipes under internal pressure was conducted. In the analysis of hybrid composite pipes, 3D non-linear FEM was conducted. The ANSYS code version 14.5 and the 20-node iso-parametric quadrilateral solid element, SOLID186, were used for the composite pipes. The 20-node element was defined with twenty nodes with three degrees of freedom at each node, i.e., translation in the nodal x, y and z directions (in Fig.4) .
Fig. 4. Mesh details and boundary condition
In the multi-layered composite pipes, the thicknesses of each layer were considered to be 0.5 mm (t) and the length of the composite pipes was 200 mm (L1).
Results and Discussion

The stresses on layers
In the numerical analyses, models are created from the code generated in ANSYS software. They were solved for the orientation angles shown in Table 3 . Hoop, axial and shear stresses were numerically calculated in each layer. Fig. 5 and Fig. 6 show the influence of orientation angles in each layer. Fig. 5a and Fig. 6a shows the behavior of shear stress for various orientation angles. Fig. 5a and Fig.  6a shows that, the shear stresses for all orientation angles are almost the same from the inner surface to the outer surface of the pipes. As shown in Fig. 5a and Fig. 6a , the all orientation angles showed similar behavior from the inside to the outside of the pipe. Moreover, the effects of the orientation angles can be seen for the hoop stresses in Fig. 5b and Fig. 6b . Also, the orientation angles affect strength of composite pipes, and they are important for orientation angles and the order of the layers. In summary, it can be said that mechanical behavior of hybrid composite pipes with [45 0 /-45 0 ] s orientation angles is different from the behavior at other angles. Also, the stresses of hybrid composite pipes, inner surfaces of model are carbon/epoxy (AS4/3501-6) and its outer surfaces are E-glass fibre/epoxy, are the greater than other. (c) Fig. 6 . The distribution compared of (a) shear stress, (b) hoop stress, (c) axial stress in layers through thickness direction for inner surfaces carbon/epoxy (AS4/3501-6) and outer surfaces Eglass fibre/epoxy
Effect of orientation angles and the order of layers on stress distribution
The models were generated using codes in the ANSYS package software for numerical analyses. Analyses were carried out for the orientation angles shown in Table 3 . Internal pressures were determined as P= 10 MPa during the analyses.
Radial, tangential, axial and shear stresses were calculated using numerically obtained internal pressure values. When Fig. 7 and Fig. 8 are examined, the effects of orientation angles on every layer of the composite pipe. It can be seen in Fig. 7 and Fig. 8 that the highest stresses on the pipe surface subject to internal pressure are those that occur in the radial direction. Whereas other stresses put forth different behaviors according to the effect of the orientation angles and in order of E-glass fibre/epoxy and carbon fiber/epoxy. As seen Fig.7a and Fig. 8a , the stress values are almost close to each other because of the order of layers and symmetrical arrangement. The stresses of hybrid composite pipes, inner surfaces of model are carbon/epoxy (AS4/3501-6) and its outer surfaces are E-glass fibre/epoxy, are the greater than others.
In Fig. 7b and Fig. 8b , the stress values are almost close to each other like in Fig.7a and Fig. 8a because of the order of layers and symmetrical arrangement. Because internal pressure is applied at thickness direction. Radial and tangential stresses show the same behavior for both material orientations (E-glass fiber, carbon fiber). 
Conclusions
This study presented the mechanical behavior of a 3D finite element model of multi-layered hybrid composite pipes under internal pressure. The composite pipes were analyzed at different orientation angles and materials orientations. The orientation angles and materials orientations were researched to determine their effects on hoop, axial and shear stresses. Also, behaviors of radial and tangential, axial and shear stresses were examined. Effect of orientation angles were shown as graphical. Furthermore, the effect of material orientations and their rows in layers were investigated. The stresses of [45 0 /-45 0 ] s for both material orientations are the greatest from the inner surface to the outer surface of the pipes than other. Moreover, stress of the model, inner surfaces carbon/epoxy (AS4/3501-6) and outer surfaces E-glass fibre/epoxy, is the greatest.
